D espite advances in emergency care and reperfusion therapy, segment-elevation-myocardial infarction (STEMI) remains an important cause of morbidity and mortality. 1, 2 In studies of cardiovascular cell therapy, harvested bone marrow mononuclear cells (BMCs), including hematopoietic and nonhematopoietic cell populations (eg, mesenchymal stromal
cells 3, 4 and endothelial progenitor cells), 5 have been isolated and reinfused by intracoronary infusion into the heart. Clinical trials assessing the use of intracoronary transplantation of autologous BMCs to promote cardiovascular repair in patients with STEMI have shown promising but mixed results. 6 Therefore, a better understanding of the relationship between patients' BMC characteristics and clinical outcomes is needed to determine whether the use of BMC therapy for cardiovascular diseases should be continued.
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Several factors may explain the mixed responses seen in cell therapy clinical trials, including heterogeneity of BMC composition, differences in cell processing techniques, dose administered, timing and route of delivery, and patient characteristics. Although the study protocols were often designed to control for some of these factors, patients' bone marrow characteristics were rarely assessed in relation to clinical outcomes. However, identifying the patterns in BMC characteristics associated with improved outcomes could lead to better patient selection and personalized enrichment of therapeutic cells in the product before transplantation and would enhance our understanding of the mechanisms involved in cardiovascular regeneration and repair.
In this study, we sought to identify BMC characteristics associated with changes in infarct size after STEMI. Infarct size was chosen as the primary outcome for our analyses because it is an independent predictor of mortality in patients with coronary artery disease 7 and measurements for this outcome are highly reproducible.
Methods
This prospective cohort study comprised patients consecutively enrolled in the Cardiovascular Cell Therapy Research Network (CCTRN) Timing in Myocardial Infarction Evaluation (TIME) trial who participated in the 6-month follow-up and provided written consent to have their excess BMCs stored for further analyses at the CCTRN Biorepository. 8, 9 These analyses were prespecified in the Ancillary Functional Studies for the CCTRN protocol. The design and rationale of the CCTRN TIME trial and the CCTRN Biorepository are described elsewhere. 9, 10 Briefly, CCTRN TIME was a multicenter, controlled, randomized, double-blind trial conducted at 5 clinical centers, their satellite facilities, and a data coordinating center. The trial protocol was approved by the local institutional review boards at each center, and participants provided written informed consent. Participants were randomized 2:1 to receive 150 million BMCs or placebo by intracoronary infusion on either day 3 or day 7 after primary percutaneous coronary intervention. With permission, the excess BMCs were sent to the CCTRN Biorepository for phenotype and functional analyses and storage. 9
Cell Processing and Transportation
A detailed description of the cell processing and transportation protocol used has been reported previously. 11 During the CCTRN TIME clinical trial, bone marrow was obtained from each participant's posterior iliac crest. This bone marrow was then combined with preservative-free heparin and transported at ambient temperature to a cell processing center at each clinical site. At the cell processing center, the bone marrow was filtered, tested for sterility, and processed to isolate the mononuclear cells by using the Sepax system (Biosafe SA, Geneva, Switzerland). After the BMC treatment product was prepared, the excess cells were shipped overnight in commercial celltransportation packaging (EXAKT Technologies, Oklahoma City, OK) to the University of Florida and the University of Minnesota for functional and flow cytometric (FC) analyses.
Flow Cytometry Sample Preparation and Antibody Labeling
FC analysis was used to immunophenotype the BMC populations. Briefly, to lyse the red blood cells, we incubated the samples in ammonium-chloride-potassium lysis buffer (0.15 mol/L NH4Cl, 10 mmol/L KHCO3, and 0.1 mmol/L EDTA; pH, 7.2-7.4) for 5 minutes at room temperature. The remaining cells were then washed twice in phosphate-buffered saline+2.5% fetal calf serum (2.5% phosphate-buffered saline). Cell concentration and viability were determined by using the Guava ViaCount assay on a Guava PCA-96 system (Millipore Corporation, Billerica, MA). All antibodies were purchased from BD Biosciences (San Jose, CA) unless otherwise specified. Bone marrow cells were analyzed with 2 separate panels of antibodies and their respective isotype-matched controls: (1) CD45, CD34, CD133, KDR, and CD31 and (2) CD45, CD3, CD19, CD11b, CXCR4, and CD14 (Online Table I ). Labeled cells were then incubated at room temperature for 20 minutes in the dark, washed twice in 2.5% phosphate-buffered saline, and resuspended to a final volume of 1 mL in 2.5% phosphate-buffered saline for FC analysis.
Flow Cytometry Instrument Set Up, Controls, and Fluorochrome Compensation
FC data were acquired by using a BD LSR II Flow Cytometer (BD Biosciences) with 4 fixed-aligned, air-cooled lasers: 20 mW UV laser (355 nm), 25 mW violet laser (405 nm), 20 mW blue laser (488 nm), and 17 mW red laser (635 nm). The lasers, photomultiplier tubes, dichroic long pass mirrors, band pass filters, and fluorochromes are listed in Online Table II , and the optical pathway configuration is depicted in Online Figure I. Before immunophenotyping was begun, instrument performance was validated by using BD Cytometer Setup and Tracking Beads (BD Biosciences). Sixpeak Rainbow Calibration Particles (Spherotech Inc., Lake Forest, IL) were used to set and maintain the target median fluorescence intensity values throughout the study. Before data acquisition, hardware compensation was performed with cells stained with a single fluorochrome (Online Table III ) by using the Compensation Setup feature of BD FACSDiva 6.0 software (BD Biosciences) and a compensation matrix.
Flow Cytometry Data Acquisition and Data Analysis
FC data were acquired on a BD Biosciences LSRII flow cytometer (BD Biosciences) at a low flow rate within the first hour after sample preparation by using FACS DIVA 6.0 software. Events were triggered on the forward scatter signal. A minimum of 10 5 events were acquired for analysis. A trained operator blinded to the patient's characteristics performed all the tests and analyzed the data throughout the study. Acquired data were analyzed using FlowJo software 7.6.5 (Tree Star Inc., Ashland, OR). Data analysis was performed by first gating around the individual lymphocyte, monocyte, and granulocyte populations, as determined on the basis of their forward scatter versus side scatter properties ( Figure 1A ). 
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Cell debris and small particles were omitted from the analysis by excluding events with low forward scatter. All analyses were performed on gated lymphocytes unless otherwise specified. Online Figure II shows representative single-color histograms comparing antibodies to the isotype-matched control antibodies. CD34 + and CD34 + CD133 + cells in the BMC product were measured using the International Society of Hematotherapy and Graft Engineering strategy throughout the FC analysis. 9, 12 
Functional Analyses
Trypan blue exclusion was used to assess viability of the cells that underwent functional analysis. 9 BMC function was evaluated with 3 separate assays, such as (1) the colony-forming unit Hill (CFU-Hill), (2) the endothelial-colony forming cell (ECFC), and (3) the colony-forming unit fibroblast (CFU-F) assays. 9, 13, 14 The number of colony forming units, type of colonies, and percent confluency were recorded on days 7, 14, 21, and 28 for the ECFC and CFU-F assays and on days 4 through 9 for the CFU-Hill assay. Results from all 3 assays were assessed with the following 3 metrics, such as (1) slope of the best-fit linear curve for the percent confluency over time, (2) exponential constant of the best-fit exponential curve for the number of colonies over time, and (3) maximum number of colonies present during the entire culture period.
Measurement of Infarct Size
The outcome measure of interest, change in infarct size, was calculated by subtracting the baseline measurement taken 3 days after primary percutaneous coronary intervention from the measurement made at 6 months. Infarct size was assessed with cardiac MRI (cMRI) using delayed contrast-enhanced imaging where appropriate. To improve infarct size measurements for this study, we used a cMRI algorithm that corrected for left ventricular mass; this algorithm was not used in the original CCTRN TIME study. Infarct size and BMC measurements were made by laboratory personnel masked to all clinical data and treatment assignments. Further details about the trial protocol and assessment of individual outcomes can be found in a previous report. 10
Statistical Analyses
When assessing the relationships between change in infarct size from baseline to 6 months and demographic variables, we categorized infarct size as a dichotomous variable (ie, either as a decrease or an increase). For this set of analyses, associations with continuous variables were determined by using an unpaired t test and associations with categorical variables were determined by using the Fisher exact test. When the relationships between BMC parameters (cell phenotype and function) and infarct size were assessed, infarct size was treated as a continuous variable. These associations were determined by using both univariable and multivariable linear regression analyses, in which the dependent variable was change in infarct size.
Covariates for the multivariable model were selected based on previous data that suggested that these factors would be relevant and biologically plausible to model the hypothesized relationship between bone marrow parameters and change in infarct size. Covariates for the model included age, 15 baseline infarct size, diabetes mellitus, 16 angiotensin-converting enzyme inhibitor use, 17, 18 hypertension, 19 smoking status, 20 and treatment received in the clinical trial. 6 In this first assessment of the relationships between BMC characteristics and infarct size, we conducted multiple statistical tests. Because this was an exploratory assessment, we prioritized knowledge discovery, and we did not use statistical techniques to reduce the familywise error rate (eg, Bonferroni correction).
Results
In the CCTRN TIME clinical trial, 120 patients with STEMI underwent bone marrow aspiration and were randomized to receive either BMCs or placebo. Complete infarct size measurements and BMC product analyses were available for 101 (84.0%) of these patients. Reasons for incomplete follow-up were reported previously. 8 At the 6-month follow-up, 75 patients (74.3%) showed a reduction in infarct size from baseline, with a mean infarct size of 50.4±25.3 g at baseline and 29.4±17.0 g at 6-month follow-up (mean change, −21.0±17.6 g). The patients who showed an increase in infarct size (n=26) had a mean infarct size of 30.9±19.8 g at baseline and 41.3±20.3 g at 6-month follow-up (mean change, 10.4±12.1 g). In Table 1 , we present the baseline characteristics of patients when stratified according to direction of change in infarct size. With the exception of initial infarct size, there were no significant differences at baseline between patients who showed a reduction in infarct size at 6 months and those who showed an increase in infarct size. The initial infarct size measurements taken at days 3 and 7 postmyocardial infarction were found to significantly correlate with ejection fraction at 6 months (day 3: r=−0.376, P<0.001; day 7: r=−0.601, P<0.001). Of the 75 patients who showed a reduction in infarct size at 6 months, 51 (68.0%) had been treated with BMCs and 24 (32.0%) had received placebo. Of the 26 patients who showed an increase in infarct size at 6 months, 15 (57.7%) had been treated with BMCs and 11 (42.3%) had received placebo. Consistent with the results from the clinical trial, we found no significant difference in the change in infarct size over time between patients who received BMC therapy and those who did not (−13.3±20.1 g versus −12.2±23.9 g; P=0.802). In addition, when patients were stratified by both direction of change in infarct size and treatment type, no significant differences were found between the 4 groups for any of the demographic variables assessed (Online Table IV ). The BMC phenotype and functional assay results are summarized in Table 2 . When univariable analysis was performed to compare the results for patients who showed a reduction in infarct size at 6 months and those who showed an increase in infarct size, no significant differences in cell frequency were found for the phenotypes assessed. However, a significant difference was observed in the BMC functional assessments. Specifically, the exponential constant for the ECFC assay was significantly higher in patients who showed a reduction in infarct size than in those who showed an increase in infarct size. In contrast, the CFU-Hill and CFU-F assays indicated no difference among patients who showed a reduction in infarct size at 6 months and those who showed an increase in infarct size. When patients were stratified by both direction of change in infarct size and treatment type for the phenotype and functional comparisons, a significant difference was found in the frequency of CD19+ cells (Online Table V) .
Multiple regression analysis was also used to model the relationships between either cell phenotype or functional parameters and change in infarct size (results also shown in Table 2 ). After adjusting for age, history of diabetes mellitus, baseline infarct size, angiotensin-converting enzyme inhibitor use, hypertension, history of smoking, and therapy assignment in the clinical trial (BMC or placebo), patients with a higher percentage of CD31 + cells were shown to have a larger reduction in infarct size at 6 months (P=0.046). Additional gating analyses to explore this association (Figure 1) showed that a higher percentage of CD45 + CD31 + cells (P=0.042), specifically CD45 + CD31 low cells (P=0.015), was associated with a larger reduction in infarct size. To further explore this Values shown as the mean±SD or number (%). ACE indicates angiotensin-converting enzyme; BMI, body mass index; BP, blood pressure; CK, creatine kinase; CKMB, creatine kinase-MB; cMRI, cardiac MRI; CRP, C-reactive protein; EF, ejection fraction; LAD, left anterior descending; LV, left ventricular; MI, myocardial infarction; NT-proBNP, N-terminal pro-brain natriuretic peptide; and PCI, percutaneous coronary intervention. Table 1 . Continued association, we show the changes in infarct size between day 3 and the 6-month follow-up stratified by the percentage of CD34 + CD31 low cells in the BMC product ( Figure 2 ). In multivariable regression analysis the percentage of CD19+ cells was not associated with change in infarct size (P=0.322). When multivariable regression analysis was performed to assess differences in BMC functional parameters, a higher exponential constant for the colony growth curve was found to be associated with a larger reduction in infarct size at 6 months in both the CFU-Hill and ECFC assays (P=0.030 and P=0.032, respectively). However, treatment assignment (BMCs or placebo) was not associated with a reduction in infarct size (P=0.706) at 6 months in the multivariate analysis.
Discussion
The purpose of this exploratory study was to identify patterns in BMC characteristics associated with either an increase or a decrease in infarct size in patients with STEMI. To accomplish this, we analyzed data from patients in the CCTRN TIME trial who provided consent to have their BMC product analyzed by the CCTRN Biorepository laboratories. Multivariable regression analysis showed that an increased percentage of CD31 + cells in the bone marrow was associated with a greater reduction in infarct size at 6 months after STEMI. In addition, a greater reduction in infarct size was associated with a faster BMC growth rate in CFU-Hill and ECFC functional assays. Thus, our findings suggest that *Values represent median and interquartile range. †Value is the coefficient from multivariate regression model and represents the modeled change in infarct size (g) per unit increase in the variable. ‡ P value for the multivariable regression model that includes adjustment for age, baseline infarct size, history of hypertension, tobacco use, diabetes mellitus, angiotensin-converting enzyme inhibitor use, and treatment received (BMCs or placebo). phenotype and functional assessments of bone marrow may be important for understanding individual responses to cell therapy in patients with acute STEMI. In addition, they may provide a means to prognosticate outcomes after STEMI and to evaluate the mechanisms underlying responses to myocardial injury.
CD31 (platelet endothelial cell adhesion molecule-1) is a cell-surface protein present on hematopoietic progenitor cells, myelomonocytic cells, and differentiated endothelial cells. It is known to regulate leukocyte adhesion and migration. 21, 22 In patients with STEMI, CD31 is highly expressed in the culprit plaque. 23 Recently, it was demonstrated in both mice and humans that the CD31 + CD45 + phenotype identifies a population of highly angiogenic and vasculogenic cells that express cell markers associated with hematopoietic stem/progenitor cells. 24 In the same study, gene set enrichment analysis showed that the expression levels of proangiogenic genes are higher in bone marrow-derived CD31 + CD45 + cells than in CD31 − cells. It has also been reported that CD31 + cell therapy for myocardial infarction leads to efficient repair of ischemia in preclinical models. 25 This finding in animals supports our current clinical study finding that a higher percentage of CD31 + cells in the BMC product was associated with a decrease in infarct size at 6 months after STEMI, possibly because of improved vascularization of the infarcted zone.
In our study, BMC function was assessed to determine whether ex vivo-derived metrics correlate with in vivo potential. BMC function was assessed with the CFU-Hill, ECFC, and CFU-F assays. Our results showed that the exponential constant for the CFU-Hill colony growth curve was associated with a reduction in infarct size after STEMI. These findings support those from previous studies showing that patients with a higher number of colonies cultured by the CFU-Hill assay have lower long-term cardiovascular risk. 13, 26 Our study also showed that rapid outgrowth of endothelial progenitor colonies, as measured by the ECFC assay, was associated with a greater reduction in infarct size at 6 months. In agreement with our findings, previous studies have demonstrated that ECFC cells are mobilized after myocardial infarction and that a higher ECFC frequency is associated with a reduction in infarct size after STEMI. [27] [28] [29] Interestingly, for both the ECFC and the CFU-Hill assays, we found that the exponential constant of the colony growth curve (determined by recording the colony number on days 7, 14, 21, and 28), but not the maximum number of colonies, was associated with a larger reduction in infarct size after STEMI, suggesting that the capacity for rapid cell growth is important for reducing infarct size.
Although CFU-Hill colonies were initially thought to be composed of endothelial progenitor cells, recent studies have shown that these colonies actually comprise a mixture of lymphocytes, monocytes, macrophages, and various subpopulations of endothelial cells. 14, 30 This agrees with our findings that patients whose BMCs produced higher numbers of CFU-Hill colonies also had a higher percentage of CD45 + CD31 + cells (myelomonocytic cells, macrophages) in the bone marrow. Furthermore, the fact that we found these cell phenotypes and functions to be associated with a larger reductions in infarct size at 6 months is consistent with emerging data showing that monocytes play a key role in cardiac angiogenesis and collateral vessel formation, thereby contributing to cardiac repair after myocardial infarction. [31] [32] [33] In fact, when a myocardial injury occurs, monocytes/macrophages show a biphasic response. 31 Shortly after an injury, monocytes and type-1 (inflammatory) macrophages are recruited to the site via monocyte chemoattractant protein-1. However, within several days, type-2 (reparative) macrophages arrive to participate in injury resolution and contribute to cardiac angiogenesis and collateral vessel formation.
The CFU-F assay is a functional assessment of bone marrow-derived multipotent mesenchymal stromal cells, which are fibroblast-like cells capable of differentiating into bone, cartilage, adipose tissue, and fibrous tissue. 34, 35 There is increasing evidence that these cells may have a significant role in the response to injury in patients with ischemic cardiac disease. [36] [37] [38] In this study, none of the metrics measured with the CFU-F assay were found to be significant (ie, P<0.05). However, this assay does show promise given that the results only narrowly missed our definition of statistical significance (unadjusted P=0.052; adjusted P=0.059). Therefore, we recommend that future studies evaluate the role of this assay in assessing response to myocardial injury.
Although BMC therapy was not shown to have a therapeutic effect in the original CCTRN TIME trial, 8 there is still much information that can be gained by analyzing the BMC product from these patients with STEMI. First, our findings may provide new insight about the cellular subsets responsible for repair in patients with cardiovascular disease. Furthermore, our findings suggest that bone marrow composition may be a predictor of clinical outcomes. For the patients in this study, transplantation of autologous BMCs into the heart did not affect the clinical outcomes assessed, whereas the endogenous BMC characteristics at baseline were found to be associated with a reduction in infarct size. Both BMCs and progenitor cells are known to home to ischemic myocardium after an injury. [39] [40] [41] Given that endogenous mechanisms for progenitor cell recruitment already exist, it may be more important to promote favorable bone marrow activity than to artificially translocate regenerative cells into the injured tissue. Therefore, our study may suggest important therapeutic targets for cardiovascular regenerative therapies.
When interpreting the results of this study, several factors should be taken into consideration. First, this study was limited to analyses of BMCs obtained at a single time point after myocardial infarction. However, information from 1 point in time is not likely to completely capture the dynamic nature of the injury response. Second, although the injury response may include BMCs, cells in the peripheral circulation, and local inflammatory responses, we only assessed BMC characteristics in this study. Despite this limitation, we were able to identify multiple associations with the outcome of interest. Third, although the analyses performed in this study were prespecified, this was a biologically guided exploratory study. In an attempt to balance this and focus on the characteristics with the potential to influence the future direction of cell therapy, we limited our discussion to the associations for which there is a strong biological rationale for the relationship and compelling preclinical data to support our findings. Fourth, some patients in our study cohort received cell therapy as part of the clinical trial, whereas others received placebo. This was unlikely to have affected our results because change in infarct size was not found to be significantly different for patients who received the stem cell product and those who received placebo in the CCTRN TIME trial. However, we adjusted for this treatment difference in the statistical model to limit its potential for being a confounding factor. Fifth, in patients with an acute infarction, quantifying infarct size by using cMRI can be problematic because these measurements may include areas of myocardial necrosis, as well as areas of edema and inflammation. 42 Therefore, changes in infarct size may reflect changes in inflammation in addition to changes in the pattern of necrosis. Characterizing patients on the basis of infarct size could generate a regression to the mean scenario in which patients with a small infarct size at baseline are unlikely to show much change, whereas those with a large infarct size at baseline may show a smaller infarct size at the 6-month follow-up. To help determine whether the observed changes in infarct size were in fact related to changes in myocardial necrosis, we explored correlations between the infarct size calculated by using cMRI and both creatine kinase-MB level and ejection fraction, 2 variables known to be associated with infarct size. In this analysis, the correlation between creatine kinase-MB level and day 3 infarct size was relatively weak (R 2 =0. 35) , whereas the correlation between creatine kinase-MB level and day 7 infarct size was much stronger (R 2 =0.66). The correlations between day 3 infarct size and day 3 ejection fraction (R 2 =0.27) and day 7 ejection fraction (R 2 =0.45) were both low to moderate. Overall, the correlations between the cMRI measurement of infarct size and the surrogate markers were moderate. Finally, because this was an exploratory study, any relationships found to be significant will have to be reassessed in a confirmatory study.
Conclusions
To our knowledge, this is the first comprehensive report of the correlation between BMC phenotype and functional assay results and infarct size in patients with STEMI. This type of analysis may be useful for generating hypotheses on the role of cellular subsets in cardiovascular repair. Furthermore, although the response to cell therapy with unselected BMCs was limited in the CCTRN TIME trial, this study may provide a means to significantly improve cell product composition, optimize patient selection for clinical trials, and personalize medical therapies for patients with heart disease.
